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Introduction 

Over  the  past  20  years  an  average  20-percent  improvement  a 
year  in  the  cost-to-performance  ratio  of  electronic  products  has 
been  achieved  by  continuous  advances  in  semiconductor  elec¬ 
tronics  [11.  This  amazing  growth  in  performance  is  due  mostly 
to  transistor  miniaturization.  Because  of  integrated  circuit  (IC 
or  chip)  developments  in  transistor  miniaturization,  over  a 
million  transistors  can  be  packed  in  an  IC  no  bigger  than  your 
fingernail. 

To  fully  appreciate  the  advances  in  transistor  technology,  one 
needs  only  to  look  at  the  computer  industry  as  an  example.  In 
the  past  33  years,  computer  power  has  increased  dramatically. 
In  1955,  a  mainframe  computer  took  more  than  6  minutes  at  a 
cost  of  $14.54  to  perform  1700  typical  data-processing  opera¬ 
tions.  By  contrast,  today’s  computers  can  perform  the  same 
operations  in  half  a  second  at  a  cost  of  only  4*  [1]. 

Transistor  miniaturization  has  inspired  a  new  era  in  electron¬ 
ics:  the  age  of  microelectronics.  From  its  basic  beginning  to  its 
present  complex  form,  the  transistor  has  affected  the  world  in 
tremendous  ways. 
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Transistors:  Precursor  to  Integrated  Circuitry 

The  beginning  of  the  semiconductor  electronics  world  as  we 
know  it  today  began  back  in  1947  with  the  development  of  the 
first  transistor.  In  late  1947,  two  scientists  working  at  Bell 
Laboratories,  Bardeen  and  Brattain,  invented  the  point  contact 
transistor.  Using  two  gold  wires  pressed  into  a  germanium 
base,  Bardeen  and  Brattain  discovered  a  voltage  output  (with 
respect  to  the  germanium  base)  at  the  collector  which  was 
greater  than  the  input  to  the  emitter.  Although  these  first 
transistors  were  not  very  good,  they  signaled  the  birth  of  the 
solid-state  amplifier.  At  that  time,  neither  scientist  knew  that 
their  discovery  would  cause  the  vacuum  tube  to  become 
virtually  obsolete  in  less  than  25  years. 

Following  the  discovery  of  the  point-contact  transistor  in  1947 
was  an  era  of  rapid  discovery  in  transistor  electronics,  extend¬ 
ing  through  1960.  Between  1947  and  1960,  a  series  of  inven¬ 
tions  quickly  brought  transistor  electronics  from  early  child¬ 
hood  to  full  development.  Table  1  shows  the  significant  mile¬ 
stones  of  transistor  electronics  during  this  period. 

Although  these  advances  were  extremely  significant,  the  micro¬ 
electronics  age  did  not  truly  begin  until  the  development  of 
circuit  integration  techniques.  Nevertheless,  the  advances  in 
transistor  electronics  of  the  1950’s  launched  the  world  into  the 
age  of  digital  wristwatches,  pocket  calculators,  microcompu¬ 
ters,  and  microprocessor-based  military  systems. 
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Table  1.  Technological  milestones  in  discrete  transistors:  1947-1960 

Date  Milestone  description 

1947  Invention  of  point-contact  transistor  by  Bardeen  and  Brattian. 

1950  Ability  developed  to  grow  ultrapure  single-crystal  germanium  with  less  than  1  part 
per  billion  of  impurity  atoms. 

1951  Junction  transistors  formed  by  introduction  of  impurities  called  donor  or  acceptor 
atoms  in  the  range  of  1  part  per  100  million. 

1951  Junction  field-effect  transistor  (JFET)  developed,  a  field-effect  transistor  which  has 
an  electric  field  applied  to  the  channel  through  a  P-N  diode. 

1952  Development  of  zone  melting  and  refining,  a  process  which  produces  chemically 
purified  polycrystalline  silicon  material  for  single-crystal  ingot  growth. 

1952  Development  of  the  single-crystal  silicon  process,  which  converts  the  purified  pol¬ 
ycrystalline  silicon  material  into  monocrystalline  silicon  cylinders  (ingots)  for  wafer 
creation. 

1953  Development  of  surface-barrier  transistor,  a  transistor  made  on  a  semiconductor 
wafer  where  etched  contacts  have  been  made  for  the  emitter  and  collector-base  junc¬ 
tions.  The  substrate  is  the  base. 

1 954  Development  of  oxide  masking:  silicon  forms  a  stable  oxide  when  exposed  to  oxidizing 
agents  at  high  temperature  .This  oxide  (silicon  dioxide,  Si02)  acts  as  a  protective  mask 
for  the  purpose  of  inserting  impurities  by  diffusion  or  ion  implantation  into  selected 
areas  of  the  wafer  which  has  been  stripped  of  oxide. 

1954  First  production-level  silicon-junction  transistors  made  for  commercial  use. 

1955  Dlffused-base  transistor  developed,  a  type  of  transistor  made  by  combining  diffusion 
and  alloy  techniques  (2). 

1959  Planar  transistor  developed — a  diffused  transistor  in  which  the  emitter,  base,  and 
collector  regions  terminate  in  the  same  plane  surface.  In  general,  semiconductor 
devices  which  terminate  in  the  same  plane  surface  define  a  planar  process.  Part  of  the 
planar  process  is  the  use  of  silicon  dioxide  for  protecting  the  P-N  junctions,  masking, 
and  passivating.  In  the  present  fabrication  of  integrated  circuits,  the  planar  process  is 
still  the  basic  process  12], 

1959  IBM  7090/7094  series  computers  appear — first  computer  built  using  discrete  tran¬ 
sistors  as  opposed  to  vacuum  tubes. 

1960  Development  of  epitaxial  transistor,  a  transistor  fabricated  with  one  or  more  epitaxial 
layers.  An  epitaxial  layer  Is  a  grown  or  deposited  crystal  layer  with  the  same  crystal 
orientation  as  the  original  material.  For  semiconductors,  the  epitaxial  material  is  the 
same  as  the  substrate  material.  For  silicon  wafers,  the  epitaxial  material  is  monocrys¬ 
talline  silicon  [2], 

1960  Development  of  the  MOSFET  (metal-oxide-semiconductor  field-effect  transistor). which 

has  a  metal  or  polysilicon  gate  electrode  separated  by  an  oxide  layer  from  the  semicon¬ 
ductor  channel.  An  electric  field  affects  the  channel,  if  an  external  potential  is  applied 
between  the  gate  and  substrate. 

1960  Development  of  Schottky  barrier  diode,  a  metal-semiconductor  diode  with  a  rectifying 
contact.  This  results  in  a  diode  with  volt-ampere  characteristics  very  close  to  P-N 
diodes.  Because  of  manufacturing  problems,  commercial  Schottky-barrier  diodes  were 
not  available  until  the  late  1960's. 


Integrated  Circuit  Development 

The  Beginnings  of  the  IC 

The  development  of  the  semiconductor  IC  was  foreseen  in  1952 
by  G.W.A.  Drummer  of  the  Royal  Radar  Establishment  in  Great 
Britain.  Addressing  the  Electronics  Components  Conference, 
Drummer  said,  “With  the  advent  of  the  transistor  and  the  work 
in  semiconductors  generally,  it  seems  now  possible  to  envisage 
electronics  equipment  in  a  solid  block  with  no  connecting  wires. 
The  block  may  consist  of  layers  of  insulating,  conducting, 
rectifying,  and  amplifying  materials,  the  electric  functions 
being  connected  directly  by  cutting  out  areas  of  the  various 
layers"  (3]. 

Drummer's  dream  came  true  in  1958  with  the  development  of 
the  first  monolithic  IC,  an  entire  circuit  built  out  of  silicon. 
These  first  monolithic  IC's  were  phase  oscillators  using  a 
distributed-RC  network  and  a  flip-flop.  The  total  elapsed  time 
from  conception  to  finished  working  silicon  integrated  circuit 
(SIC)  was  less  than  3  months. 

Although  an  amazing  accomplishment,  the  SIC  was  not  an 
immediate  success  in  the  commercial  business  arena.  Much  of 
the  dissatisfaction  with  the  SIC  came  from  the  system  and 
circuit  design  world.  Users  (system  and  circuit  designers)  had 
to  learn  how  to  work  with  the  new  technology.  With  the  steady 
evolution  of  the  IC  from  1959  to  1972,  users’  acceptance  and 
familiarity  increased.  Important  milestones  of  this  period  are 
shown  in  table  2. 

A  major  influence  in  the  acceptance  of  SIC  technology  was  the 
production  of  logic  gates  as  part  of  a  logic  family,  i.e.,  resistor- 
transistor  logic  (RTL),  diode-transistor  logic  (DTL),  transistor- 
transistor  logic  (TTL),  etc.  This  enabled  circuit  and  system 
designers  to  use  basic  logic  gates  to  design  their  custom 
circuits,  boards,  and  systems,  as  opposed  to  using  discrete 
transistors.  The  design  problem  of  circuit  and  system  compati¬ 
bility  was  solved  through  the  use  of  IC’s  from  the  same  logic 
family.  At  the  same  time,  the  logic  families  allowed  IC  manufac¬ 
turers  to  produce  cost-effective  IC’s. 
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Table  2.  Technological  milestones  In  Integrated  circuitry:  1959-1975 

Date  Milestone  description _ 

1959  Development  of  planar  SIC,  a  silicon  integrated  circuit  made  by  the  planar  process, 
using  reverse-biased  p-n  Junctions  to  isolate  the  devices  and  a  metal  layer  level  for 
electrical  connection. 

1961  The  first  commercial  monolithic  IC,  part  of  the  digital  logic  family  known  as  RTL 
(resistor-transistor  logic).  RTL  gates  use  a  resistor  connected  to  the  base  input  of  a 
NPN  transistor. 

1962  Development  of  diode-transistor  logic  (DTL)  family.  DTL  gates  use  diodes  as  the  input 
of  the  logic  gate  to  control  the  transistor  output. 

1962  Development  of  transistor-transistor  logic  (TTL)  family.  TTL  uses  multiple  emitters  of 
an  input  transistor  as  the  input  of  the  logic  gate.  This  input  is  used  to  control  the 
collector  output  of  the  output  transistor. 

1962  Development  of  emitter-coupled  logic  (ECL)  family,  a  digital  logic  family  based  on  a 
difference  amplifier  (DIFF  AMP)  configuration.  The  output  voltage  of  the  DIFF  AMP  is 
proportional  to  the  difference  between  the  two  input  voltages,  Va  and  Vb,  where  one 
input  voltage  acts  as  a  reference  voltage.  For  example,  let  Vb  =  Vnf  If  Va-  V^is  less 
than  zero  by  at  least  0. 1  V,  then  the  output  of  the  transistor  with  the  input  voltage, 
will  be  a  constant  negative  voltage  called  V(0)  (low),  or  corresponding  to  a  binary 
zero.  Conversely,  if  Va-  Vw/is  greater  than  zero  by  at  least  0. 1  V,  then  the  output 
voltage  is  a  constant  positive  voltage  called  Vfl)  (high),  or  corresponding  to  a  binary 
one. 

1962  Development  of  MOS  IC,  a  monolithic  integrated  circuit  consisting  of  MOS  devices  as 
opposed  to  bipolar. 

1963  Development  of  technique  called  complementary  MOS  (CMOS),  the  design  and  fabri¬ 
cation  of  devices  by  interconnecting  both  PMOS  and  NMOS  transistors  together.  An 
example  is  the  interconnection  of  the  gate  input  of  a  PMOS  transistor  with  the  gate 
input  of  a  NMOS  transistor  to  form  a  CMOS  inverter. 

1964  First  linear  integrated  circuits  developed;  these  are  monolithic  IC's  which  have 
amplifying  circuits  on  them  such  that  the  output  is  an  amplified  version  of  the  input 
and  is  not  digital. 

1965  IBM  System  360  series  built,  the  first  computer  using  integrated  circuits  as  opposed 
to  discrete  transistors. 

1968  Development  of  MOS  memory  chips — MOS  IC's  having  a  transistor  configuration 
capable  of  storing  digital  data. 

1969  Development  of  the  charge-coupled  device  (CCD);  this  is  an  MOS  transistor  with  an 
extremely  long  channel  with  several  gates  (maybe  as  many  as  1000  gates)  closely 
spaced  between  the  source  and  drain.  By  applying  the  proper  gate  potential  in  the 
proper  sequence,  charge  can  be  transferred  from  one  gate  to  the  next  gate.  The  use  of 
CCD's  is  a  cost-efficient  way  to  make  shift  registers  and  serial  memories.  CCD's  are 
also  called  CTD’s  (charge-transfer  devices)  [4). 

1970  Development  of  MOS  calculator  chips,  MOS  IC’s  which  perform  specialized  arithmetic 
functions  such  as  adding,  subtracting,  multiplying,  and  dividing. 

1971  Development  of  the  microprocessor,  a  digital  computer  on  one  or  more  chips  that  is 
customized  by  the  user  via  software. 

1972  Development  of  a  digital  logic  family  known  as  PL  (integrated  injection  logic).  This  logic 
family  uses  normal  bipolar-junction  transistors  in  a  new  circuit  configuration  to  form 
new  logic  gates.  These  new  logic  gates  require  low  power,  are  extremely  fast,  and  allow 
packing  densities  which  approach  MOS  technology. 
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As  IC  technology  developed,  the  number  of  components  that 
could  be  put  on  a  chip  Increased,  leading  to  another  method  of 
categorizing  chips:  the  level  of  integration.  Table  3  indicates  the 
increase  in  component  count  (transistor,  diode,  resistor,  or 
capacitor)  per  IC  chip  over  the  years. 

The  Present  Age:  Memory  and  Microprocessor 
Development 

With  the  coming  of  large-scale  and  very-large  scale  integration 
(LSI  and  VLSI),  the  1970’s  brought  us  semiconductor  memo¬ 
ries,  microcomputer  chips,  and  large  mainframe  computers 
with  all-semiconductor  main  memory.  In  1970,  Intel  and 
Fairchild  introduced  1000-bit  commercial  RAM’s  (random  access 
memories)  into  the  marketplace.  A  year  later,  the  first  computer 
with  all-semiconductor  main  memory,  the  IBM  system  370/ 
145,  was  introduced.  Initially,  the  IBM  370/ 145  contained  128- 
bit  IC  chips  and  offered  up  to  512  kilobytes  of  memory.  By 
comparison,  a  state-of-the-art  experimental  4-megabit  RAM 
chip  holds  as  much  information  as  did  the  entire  main  memory 
of  the  370/ 1 45  [  1  ] .  By  the  middle  of  the  1 970’s,  1 6-kilobit  RAM’s 
were  commonplace,  and  64-kilobit  RAM’s  became  available  in 
1979. 

One  of  the  most  significant  microelectronic  discoveries  of  the 
decade  occurred  in  1977  with  the  invention  of  the  microcom¬ 
puter  on  a  chip.  The  microcomputer  on  a  chip  is  an  IC  consisting 
of  all  the  basic  components  of  a  computer  (clock,  read-only 
memory  (ROM),  microprocessor  (CPU),  RAM,  and  input/output 
(I/O)  devices) .  An  example  of  the  microcomputer  on  a  chip  is  the 
Intel  8748  microcomputer  consisting  of  20,000  transistors. 


Table  3.  Milestones  in  miniaturization:  1951-1975  (4] 

Date  Milestone  Components  per  chip 

1951  Discrete  transistors 

1960  Small-scale  integration  (SSI)  Less  than  100  components  per  chip 

1966  Medium-scale  integration  (MSI)  More  than  100  but  less  than  1,000  components 

per  chip 

1969  Large-scale  integration  (LSI)  More  than  1,000  but  less  than  10,000  components 

per  chip 


1975  Very-large-scale  Integration  (VLSI)  More  than  10,000  components  per  chip 


measuring  5.6  x  6.6  mm,  and  costing  only  $250  in  1978.  By 
comparison,  an  Intel  8748  microcomputer  chip  is  20  times 
faster  than  the  1946  ENIAC  computer,  has  more  memory,  uses 
far  less  power,  is  thousands  of  times  more  reliable,  and  costs 
0.0001  as  much  as  an  ENIAC  [4,51. 

Just  as  the  early  1970’s  brought  us  complex  chips  able  to  store 
several  hundred  bits  of  information,  the  early  to  middle  1980’s 
brought  us  higher  density  IC’s  with  even  greater  complexity. 
Present-day  semiconductor  memories  can  store  up  to  a  million 
or  more  bits  of  information.  With  such  emphasis  on  miniaturi¬ 
zation,  the  entire  semiconductor  industry  is  working  toward 
geometric  dimensions  approaching  the  atomic  level.  As  the 
semiconductor  industry  demands  smaller  devices,  equipment 
manufacturers  will  have  to  develop  more  complex  machines  to 
handle  the  smaller  geometry.  Additionally,  the  scientific  com¬ 
munity  will  have  to  delve  deeper  into  understanding  the  basic 
underlying  principles  of  semiconductor  materials,  devices,  and 
processes  [1]. 

The  Future  of  Integrated  Circuitry 

For  the  next  20  years,  technology  will  be  emphasizing  greater 
speed  and  circuit  density  through  significant  decrease  in  the 
physical  size  of  the  bit.  As  accurately  as  one  can  predict, 
technology  will  have  advanced  to  several  million  transistors  on 
a  single  FET  microprocessor  chip  by  the  early  1990’s,  and 
beyond  that,  single-chip  CPU’s  which  operate  at  several  tens  of 
MIPS  (millions  of  instructions  per  second)  [1). 


11 


Conclusion:  The  IC  in  Society 

What  started  a  little  over  40  years  ago  as  the  beginning  of  the 
transistor  age  has  no  end  in  sight,  but  only  continual  progress, 
where  the  state  of  the  art  is  redefined  every  18  months. 
Invention  gave  way  to  revolution  without  parallel.  This  revolu¬ 
tion  can  be  seen  every  day  in  our  society.  In  today’s  world, 
microelectronic  applications  can  be  seen  in  automobiles,  home 
computers,  stereo  equipment,  communication  devices,  and 
many  other  areas.  From  a  military  standpoint,  today’s  weapon 
systems  use  microelectronic  devices  in  virtually  every  facet  of 
their  design.  Defense  applications  using  microelectronics  in¬ 
clude  nuclear,  high-power  microwave,  and  anti-radiation  mis¬ 
sile/countermeasure  systems;  fuzing  and  self-contained 
munitions;  signal  and  information  processing  equipment;  radar; 
and  many  other  military  areas.  As  microelectronic  devices 
become  smaller  and  more  powerful,  many  new  applications  in 
many  new  fields  will  be  developed.  As  with  the  ever-increasing 
use  of  microelectronics  in  society,  there  is  no  end  in  sight  to  the 
improvement  and  progress  of  microelectronics. 
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